A universal challenge facing the development of electrochemical materials is our lack of understanding of physical and chemical processes at local length scales in 10-100 nm regime, and acquiring this understanding requires a new generation of imaging techniques. In this article, we introduce the scanning thermo-ionic microscopy (STIM) for probing local electrochemistry at the nanoscale, using for imaging the Vegard strain induced via thermal stress excitations. Since ionic oscillation is driven by the stress instead of voltage, the responses are insensitive to the electromechanical, electrostatic, and capacitive effects, and they are immune to global current perturbation, making in-operando testing possible.
Introduction
The worldwide energy economy is shifting focus from extraction and consumption of fossil fuels toward a diverse, multidirectional, and asynchronous network of energy sources and demands, and there will be a critical need for electrochemical materials that efficiently interconvert and/or store electrical and chemical energy. These include more robust electrode materials for large and small scale battery systems [1] [2] [3] , fuel cells or flow batteries [4] [5] [6] , electrocatalysts for efficient electrosynthesis of liquid transportation and storage fuels [7] , and photoelectrochemical materials that can directly convert solar energy to fuels [8] . At present, a universal challenge facing the development of electrochemical materials is our lack of understanding of physical and chemical processes at local length scales in the 10-100 nm regime. A growing body of research shows that the composition, structure, and properties of electrochemical materials near active interfaces often deviate substantially and inhomogeneously from those of the bulk, and the electrochemistry at this length scale is still poorly understood [5, 9, 10] . Acquiring this understanding requires a new generation of imaging techniques that can resolve local chemistry and fast dynamics in electrochemical materials at the time along length scales relevant to strongly coupled reaction and transport phenomena. This offers a new opportunity for microscopy development.
Conventional electrochemical characterization techniques are very difficult to scale down as they are mostly based on the measurement of current, requiring detection of small currents on the order of pA at the nanoscale [11] . Custom-made ion-conducting electrodes have been developed for scanning electrochemical microscopy [12] , though its spatial resolution is usually no better than micrometers [13, 14] , and the fabrication process is rather complicated. Electrostatic force microscopy and Kelvin probe force microscopy have been applied to study local electrochemical processes [11, 15] , yet the spatial resolution is limited there because of long-range electrostatic interactions. In addition the data are often not unambiguous and thus difficult to interpret. In the last several years, researchers have realized that Vegard strain [16, 17] can provide an alternative imaging mechanism with high sensitivity and spatial resolution for nanoscale electrochemical characterization. The initial attempt focused on atomic force microscopy (AFM) topographic mapping of lithium ion electrodes during charging and discharging, however the volume evolution that is induced by the change in lithium ion concentration [18] reflects the accumulation of Vegard strain over both space and time. Later on, electrochemical strain microscopy (ESM) was proposed, focusing on local and instantaneous fluctuations in ionic species induced by an AC voltage applied through a conductive scanning probe tip [19] [20] [21] [22] . While these techniques have provided considerable insight into local electrochemistry, the measured strain is electromechanical in nature, and thus it is often difficult to distinguish Vegard strain from other electromechanical mechanisms such as piezoelectric effect, electrostatic interactions, and capacitive forces [23, 24] . Furthermore, it is highly challenging to integrate local ESM with global electrochemical measurement in-operando because the charged scanning probe is often affected by global voltage perturbations.
In order to overcome some of the difficulties associated with ESM, we have recently developed the scanning thermo-ionic microscopy (STIM) technique for probing local electrochemistry at the nanoscale [25, 26] . This new technique also utilizes Vegard strain for imaging, though the strain is induced via thermal stress excitations instead of an AC electric potential, thus eliminating the contributions from other electromechanical strains as well as electrical interferences from global voltage perturbations. This makes possible in-operando electrochemical testing at the nanoscale. We have implemented this technique using both resistive heating through a microfabricated AFM thermal probe and photo-thermal heating through a 405 nm laser, and we have applied it to a variety of electrochemical materials for imaging and spectroscopy studies. This article describes the principle of STIM and its implementation, its applications to ceria and perovskite solar materials, and some challenges and future developments.
Materials and Methods
Concept of the method. The concept of STIM is built on three observations. First, when the ionic concentration oscillates in a solid, the associated volume will fluctuate as well because of the so-called Vegard strain [16, 17] , defined broadly as a lattice volume change associated with a concentration change in the ionic species. This in turn results in a mechanical vibration that can be measured locally via a scanning probe, shown schematically Figure 1 . Such dynamic-strainbased detection has been applied in a variety of scanning probe microscopy (SPM) techniques, including piezoresponse force microscopy (PFM) [27] [28] [29] [30] , electrochemical strain microscopy (ESM) [19] [20] [21] , and piezomagnetic force microscopy (PmFM) [31, 32] . Secondly, the fluctuation of ionic concentration can be driven by an oscillation in its electrochemical potential, which can be induced by gradient in ionic concentration, electric potential, or mechanical stress. Finally, the characteristics of ionic oscillation and electrochemical strain probed via the scanning probe could reveal valuable information on the local ionic species, concentration, and diffusivity. Thus, the technique could provide a window into local electrochemistry at the nanoscale. In ESM, the ionic oscillation is driven by the electrical potential [33] , while in STIM, it is driven by the local thermal stress. In order to fully appreciate the concept of STIM, it is necessary to briefly review the theory of stress-induced diffusion developed by Larché and Cahn in the 1970s [34, 35] ,
where D, z, and  are the diffusivity, charge, and partial molar volume of an ion, F and R are the Faraday and ideal gas constants, and T and t are the absolute temperature and time, respectively.
Again, the three driving forces for ionic oscillation discussed earlier -gradients in ionic concentration c, electric potential , and hydrostatic mechanical stress ℎ -correspond to three terms on the right side of Equation (1). In order to impose an oscillating stress while simultaneously measuring the resulting local vibration through the scanning probe, we resort to a local temperature oscillation with angular frequency ,
which results in local oscillation of thermal strain * and hydrostatic stress ,
where and C are the thermal expansion coefficient and elastic stiffness tensor of the material,  is the total strain consisting of thermal strain * and elastic strain, tr denotes the trace of the matrix, ℎ0 is the amplitude of hydrostatic stress oscillation, and I is the second rank unit tensor. Note that thermal expansion results in a vibration that is the first harmonic to the temperature oscillation, as schematically shown in Figure However, there are further consequences and implications of this oscillating thermal stress, which drives oscillation in ionic concentration. By Taylor expanding T into the series around the baseline temperature T0 and upon substitution into Equation (1), we obtain the first and the second harmonic components of ionic oscillation: as we have reported in Ref. [25] with preliminary implementation.
Implementation. Our initial implementation of STIM is to impose a temperature oscillation through a scanning thermal probe (AN2-300, Anasys Instruments), as shown in Figure   3a , on an Asylum Research MFP-3D AFM. The two-leg thermal probe has a micro-fabricated solid state resistive heater at the end of the cantilever, enabling local heating and thus temperature oscillation when an AC current is passed. In this implementation the power dissipation, and thus the temperature oscillation, are the second harmonic with respect to the AC current because of the quadratic relationship between the power and current. As a result, with reference to the input current, we would get a thermal response at the second harmonic and an ionic response at the fourth harmonic instead, which reflect the thermomechanical and electrochemical properties of the material, respectively. Cypher ES AFM equipped with blueDrive™ photo-thermal excitation module [36] , as shown in Figure 3b . Under photo-thermal excitation, the laser power and thus the local temperature is modulated directly, and as such the first harmonic thermal response and second harmonic ionic responses will be obtained, as originally developed in Equations (4). We have implemented both approaches in our labs at the University of Washington (UW).
Detection of the respective harmonic response of the cantilever deflection, usually very small in magnitude, is accomplished by a lock-in amplifier around the cantilever-sample contact resonance frequency, which enhances the signal to noise ratio by orders of magnitude. To avoid topography cross-talk during STIM scanning, a dual amplitude resonance tracking (DART)
technique [37] , initially termed as dual frequency resonant tracking (DFRT), is used to track the contact resonance, as shown in Figure 4 implemented with the thermal probe. Academy of Science. Furthermore, the responses at two frequencies across the resonance allow us to solve for the quality factor and the contact resonance frequency of the system based on damped driven simple harmonic oscillator model [38, 39] , enabling more accurate quantitative analysis.
Lacking such a system at UW, resonance tracking is not possible for STIM, and single frequency scanning is used, which often causes cross-talk with topography due to inherent variation of material properties at the nanoscale. In such a case, point-wise data of respective harmonic responses will be more reliable, and spectroscopic studies using a combination of AC and DC voltage are also possible, as we show later. 
Results
Point-wise studies. We first demonstrate the feasibility of the STIM concept by examining the point-wise thermal and ionic responses of two types of samples at respective harmonics. One is nanocrystalline Sm-doped ceria that is a good ionic conductor [40] , and the other is polymeric polytetrafluoroethylene (PTFE) that serves as a control sample (no ionic conductivity). In the experiment, we sweep the driving frequency across probe-sample contact resonance, and measure the corresponding harmonic responses of probe deflection. As seen in Figure 5a , both ceria and PTFE exhibit substantial thermal response measured at the second harmonic under the resistive heating, as expected in any material regardless of its ionic characteristics. The higher contact resonance frequency of ceria of 123.4 kHz indicates its higher elastic modulus compared to PTFE with a resonance frequency of 118.7 kHz. Furthermore, after fitting the experimental data with the damped driven simple harmonic oscillator model [38, 39] , the quality factors for ceria and PTFE are obtained as 57.7 and 46.4, which indicate higher viscous energy dissipation in PTFE. The corresponding intrinsic thermal response amplitudes (after correcting the peak value using the quality factors) are determined to be 38.2 pm and 44.3 pm, respectively, suggesting that the thermal expansion of PTFE is higher than that of ceria, as expected [41, 42] . Thus the local thermomechanical properties of solid materials can indeed be obtained from the STIM thermal response. Further insights can be learned from the ionic response measured at the fourth harmonic under similar conditions, as shown in Figure 5b . First of all, substantial higher ionic response is observed in ceria, while that of PTFE is almost negligible. This is more evident after we analyze the data using a damped driven simple harmonic model that yields a quality factor of 49.52 for PTFE and corresponding intrinsic ionic response of 0.31 pm, consistent with its non-ionic nature.
The quality factor and the intrinsic response of ceria, on the other hand, are 55.95 and 3.31 pm.
Since ionic response is proportional to ionic diffusivity according to Equation (4), the good ionic response of ceria seen in Figure 5b thus indicates its good ionic conductivity. Moreover, the quality factors and the resonance frequencies (119.3 and 122.1 kHz for PTFE and ceria) obtained from thermal and ionic responses are in a good agreement, confirming the reliability of the measurements. While the ionic response of ceria is an order of magnitude smaller compared to its thermal response, the signal is sufficiently strong and clean for sensitive detection. These sets of data thus demonstrate the feasibility of STIM.
We also can learn valuable dynamic information from the STIM ionic response, by imposing a low-frequency modulation bias, in the range of 0.1 Hz to 20 Hz, on top of highfrequency excitation bias, in the order of 30 kHz, as schematically shown in Figure 6a . The modulation bias is to manipulate the local ionic concentration away from equilibrium by changing the baseline temperature, while excitation bias is to stimulate ionic oscillation for the measurement.
Since their frequencies differ by more than three orders of magnitude, the low-frequency modulation bias can be viewed as DC, as far as the instantaneous high-frequency excitation bias is concerned. The ionic responses of ceria measured in term of 4 th harmonic probe deflection induced by driving heating voltage, after correction by using a damped driven simple harmonic oscillator model, are plotted in Figure 6b as a function of DC voltage at different modulation frequencies, and different hysteresis loops are observed. It is observed that with increased DC voltage and thus higher local temperature, the ionic response drops due to reduced ionic concentration underneath the probe, driven away by the higher temperature and thermal stress.
Furthermore, the loop initially opens up with an increased modulation in frequency and then closes, which can be understood as follows. For the low (0.2 Hz) and fast (20 Hz) modulation frequencies, where the ionic species are being driven much slower and faster than the typical diffusion time scale, not much hysteresis is observed. However, the intermediate frequency modulations (2 Hz), which has a time scale comparable to that of ionic diffusion, leads a phase lag and thus the loop opens up [43] . As such, from the loop opening under appropriate modulating frequency, dynamic information can be learned from the STIM spectroscopy studies. recently imaged by ESM [26, 43, 44] . The resonance frequency mappings in Figure 7c and 7f, acquired from the second and fourth harmonic scanning are consistent with each other, though the second harmonic one has a better signal-to-noise ratio due to its much higher amplitude. Compared to what we originally reported [25] , much improved STIM mappings are obtained, thanks to the improved capability for tracking the resonance frequency during scanning using DART. Finally, we show our preliminary results of STIM ionic mapping on CH3NH3PbI3, an emerging perovskite material for solar cells [45, 46] . It has been reported that ionic motion in CH3NH3PbI3 occurs under light illumination or electric field [47] , which has significant implication to its photovoltaic performance. The STIM provides a powerful tool to study such phenomena locally at the nanoscale, as shown in Fig. 9 for a CH3NH3PbI3 film on a hole-collecting FTO/PEDOTS:PSS substrate, in which rough topography is observed and large variations in ionic response are evident in Figure 9a . The resonant frequency shown in Figure 9b , on the other hand, is rather uniform, indicating homogeneous mechanical stiffness of the sample.
Discussion
Measuring ionic concentration and diffusivity with nanometer resolution is rather challenging using conventional electrochemical techniques. Scanning thermos-ionic microscopy (STIM), on the other hand, overcomes this difficulty by measuring Vegard strain arising from local ionic oscillation. Spatial resolution as small as 10 nm and sensitivity as high as picometer can be realized using a scanning probe, and the ionic response, measured in terms of probe deflection, correlates with local ionic concentration and diffusivity. It thus gives us a powerful tool to probe local electrochemistry at the nanoscale, and can be applied to study a wide range of electrochemical materials and systems wherein ionic activities are essential. Furthermore, thermal expansion and mechanical stiffness of the sample can also be obtained, yielding additional insight into the local electrochemical processes, for example the formation of solid electrolyte interface (SEI) in lithium ion batteries. The data analysis and interpretation of STIM, however, are not straightforward, and often requires assistance of modeling and simulation to translate the measured probe deflection into ionic concentration and diffusivity. In particular, spectroscopy type of dynamic studies are necessary to deconvolute local diffusivity and ionic concentration. Such capabilities are currently under development in our group, and will be reported later.
Conclusion
In this work, we demonstrate the capabilities of scanning thermo-ionic microscopy (STIM)
for characterizing ionic and thermal properties of materials at nanoscale, based on detecting dynamic strain due to ionic motion induced by modulated temperature and stress gradients. The technique was demonstrated on active electrochemical materials including ceria and perovskite
CH3NH3PbI3 as well as a control sample of PTFE, implemented using both resistive heating and photo-thermal heating. The dynamics of ionic motion can be captured from point-wise spectroscopy studies, while the spatial inhomogeneity can be revealed by STIM mapping. Since it utilizes thermal stress-induced oscillation as its driving force, the responses are insensitive to the electromechanical, electrostatic, and capacitive effects, and they are immune to global current perturbation, making in-operando testing possible. In principle, STIM can provide a powerful tool for probing local electrochemical functionalities at the nanoscale.
